Abstract The overproduction of reactive oxygen species (ROS) generates oxidative stress in cells. Oxidative stress results in various pathophysiological conditions, especially cancers and neurodegenerative diseases (NDD). The Keap1-Nrf2 [Kelch-like ECH-associated protein 1-nuclear factor (erythroid-derived 2)-like 2] regulatory pathway plays a central role in protecting cells against oxidative and xenobiotic stresses. The Nrf2 transcription factor activates the transcription of several cytoprotective genes that have been implicated in protection from cancer and NDD. The Keap1-Nrf2 system acts as a double-edged sword: Nrf2 activity protects cells and makes the cell resistant to oxidative and electrophilic stresses, whereas elevated Nrf2 activity helps in cancer cell survival and proliferation. Several groups in the recent past, from both academics and industry, have reported the potential role of Nrf2-mediated transcription to protect from cancer and NDD, resulting from mechanisms involving xenobiotic and oxidative stress. It suggests that the Keap1-Nrf2 system is a potential therapeutic target to combat cancer and NDD by designing and developing modulators (inhibitors/activators) for Nrf2 activation. Herein, we review and discuss the recent advancement in the regulation of the Keap1-Nrf2 system, its role under physiological and pathophysiological conditions including cancer and NDD, and modulators design strategies for Nrf2 activation.
Introduction
Reactive oxygen species (ROS) are biological molecules produced naturally as a by-product of oxygen metabolism by aerobic organisms. Under physiological conditions, the ROS level will be in equilibrium in the system. ROS plays a vital role in the physiology of cell signalling. The production of ROS is intracellularly contributed by several enzymes, which include NA(D)PH oxidase, cytochrome P450-dependent oxygenases and xanthine oxidase. Moreover, ROS is also produced non-enzymatically in mitochondrial complex I and III of the electron transport chain (Turrens 2003) .
Oxidative stress is the overproduction or imbalanced production of ROS, which disturbs the normal antioxidant mechanism in the system. Oxidative stress and ROS production are involved in the pathogenesis of numerous neurodegenerative diseases (NDD), including Alzheimer's, Parkinson's and Huntington's diseases (Behl 2005; Browne and Beal 2006) , atherosclerosis (Sugamura and Keaney 2011) , rheumatoid arthritis (Filippin et al. 2008) , ischaemia and stress (Jiang and Duong 2016) . The age factor introduces several common pathogenic mechanisms which have been identified as sources of oxidative stress in neurodegenerative disorders. Some of the phenomena involved are changes in tissue antioxidant status, mitochondrial dysfunction and comprised energy status, excitotoxicity, defects in the homeostasis in redox-active trace metals, formation of advanced glycation end products (AGEs), aberrant protein metabolism and proteasome, dysfunction and several environmental or genetic risk factors.
Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a basic leucine zipper (bZIP) transcription factor with a cap 'n' collar (CNC) structure (Chan et al. 1995) . The Nrf2 transcription factor is ubiquitously expressed and present in various organs and tissues, including the kidney, muscle, lung, heart, liver and brain. The Nrf2 transcription factor is tightly regulated by the repressor protein, Keap1 (Kelch-like ECH-associated protein 1), in the cytoplasm, which subsequently plays an essential role in Nrf2 degradation by the ubiquitin-proteasome pathway (Furukawa and Xiong 2005) . Under oxidative stress, Nrf2 dissociates from Keap1, translocates to the nucleus and transactivates several cytoprotective genes to combat the oxidative stress (Taguchi et al. 2011) (Fig. 1) .
As Nrf2 plays a central role in protecting cells from damage, it has been implicated in preventing major diseases. Recent reports have shown the importance of the Keap1-Nrf2 system as a therapeutic target for cancer and NDD (Bryan et al. 2013 ). In recent years, both academia and industry have shown immense interest in the Keap1-Nrf2 system targets to discover and develop inhibitors to activate Nrf2 transactivation function by inhibiting the Keap1-Nrf2 interaction. Here, we discuss the recent advancement in the regulation of the Keap1-Nrf2 pathway and their importance as potential therapeutic targets for diseases such as cancer and NDD.
Structural insights of Keap1-Nrf2 transcription factor
The cytoplasmic repressor protein, Keap1
Keap1 is a dimeric protein consisting of 624 amino acid residues. It is the nearest homologue of the kelch protein of Drosophila, which binds to actin (Itoh et al. 1999; Zipper and Mulcahy 2002) . Keap1 acts as a substrate adapter protein for the E3 ubiquitin ligase complex formed by Cul3 and Rbx1 and targets Nf-E2/Nrf2 for ubiquitination and degradation by the proteasome (McMahon et al. 2004; Bryan et al. 2013) (Fig. 1) . The Keap1 protein is mainly located in the cytoplasm; however, it also shuttles between cytoplasm and nucleus (Sun et al. 2011) . The amino acid sequence of Keap1 is highly conserved among mice, rats and humans. Structurally, Keap1 can be sub-divided into five different domains, namely, the N-terminal region (NTR), the broad-complex, tramtrack and bric-à-brac (BTB) domain, the intervening region (IVR) or the BACK domain, double glycine repeats (DGR) or β-propeller domain and the C-terminal region (Stogios and Privé 2004) (Fig. 2) . The β-propeller domain and the C-terminal region together is called Keap1-DC (Keap1-DC, hereafter).
The BTB domain is essential for homodimerisation of the Keap1 protein. The BTB domain along with the IVR domain play an essential role for Nrf2 polyubiquitination and 26S proteasomal mediated degradation under basal conditions. The N-terminal of the BTB domain interacts with the Cullin-3 (Canning et al. 2013; Chauhan et al. 2013) . The BTB domain forms a dimer and consists of three β-sheets flanked by six α-helices. The β1 helix is essential for the formation of the dimeric interface. The N-terminal residues form the domainswapped β-sheet, which also plays a key role in the homodimerisation interface formation (Cleasby et al. 2014) .
The overall tertiary structure of Keap1-DC belongs to the β-propeller domain with a size of approximately 49 Å × 36 Å (Padmanabhan et al. 2006) (Fig. 3) . It consists of a tandem of six twisted four-stranded (β1-β4) antiparallel β-sheets resembling a six-bladed β-propeller structure with pseudo sixfold symmetry. Like other β-propeller proteins, β-strands of both termini meet and, in this case, the disc-like conformation is tightened by a '3 + 1' arrangement of β-strands ('Velcro' closure or 'molecular clasp').
The human Keap1 consists of 27 cysteines acting as ROS sensors in the regulation of cellular homeostasis. Among the cysteine residues, Cys151, Cys171, Cys273 and Cys288 are highly reactive, which are present in the BTB-IVR domains of Keap1 (Cleasby et al. 2014) (Fig. 2b ).
Nrf2 transcription factor
Nrf2 (or NFE2L2) is a ubiquitously expressed antioxidant transcription factor, which tightly regulates the expression of cytoprotective genes in response to both exogenous and in-situ signals (Marzec et al. 2007) . It belongs to the bZIP factors of the CNC family. The CNC family proteins regulate gene expression, tissue differentiation and development in a variety of organisms. The CNC domain, comprising a sequence of 43 conserved amino acids, is located N-terminally to the basic DNA-binding domain. The family members of the CNC domain heterodimerise with small Maf proteins (Derjuga et al. 2004 ) and exhibit high homology in their DNA binding and leucine zipper domains; however, their biological functions are different. Most of the CNC family members are transcription activators, but Bach1 and Bach2 are transcription repressors.
Nrf2 is the most studied CNC family member and is responsible for the expression of constitutive and inducible levels of phase II enzymes and endogenous antioxidants. An Nrf2 null mouse was found to exhibit decreased expression of phase II enzymes (Chan et al. 1993) . Nrf3 is another important factor which mainly finds a population in the placental tissue.
The Nrf2 protein is comprised of six highly conserved Neh (Nrf2-ECH homology) domains, Neh1-Neh6 (Fig. 2c) . The Neh1 domain contains the CNC-type bZIP region which is crucial for DNA binding and dimerisation with other transcription factors (Nioi et al. 2005) . The Neh1 domain is required for homo-or heterodimerisation with Maf proteins (MafF, MafG and MafK) and also with leucine zipper containing protein domains (Motohashi et al. 2002) . The Neh3 domain lies at the C-terminal region of Nrf2, acts as a transactivation domain to promote the transcription of antioxidant response element (ARE)-dependent genes by means of interacting with the chromo-ATPase/helicase DNA binding protein family member CHD6 (Nioi et al. 2005) . The Neh4 and Neh5 domains of Nrf2 coordinate with co-activators CBP (CREB/ATF4) and BRG1 (brahma-related gene 1), respectively (Moi et al. 1994) . The Neh6 domain plays a key role in the Keap1-independent degradation pathway of Nrf2. The degradation of Nrf2 in stressed cells is predominantly mediated by the redox-insensitive Neh6 domain (McMahon et al. 2004) . The Neh2 domain is present at the N-terminal region of Nrf2. It possesses two motifs, namely, DLG and ETGE motifs. These two motifs of Neh2 are mainly responsible for the direct interaction with the negative regulator, Keap1, which subsequently guide the degradation of an excess of Nrf2 factor to maintain homeostatic conditions (McMahon et al. 2004 ).
Molecular mechanism of the Keap1-Nrf2 pathway
The Keap1-Nrf2 system is a vital member of regulating cells under a homeostatic environment. This system counters the xenobiotic and oxidative responses which defend the cells from external and internal toxicity. At basal homeostatic conditions, Keap1 maintains a consistent generation of Nrf2 and retains its low levels in the cytoplasm. A specific cysteine residue modification of Keap1 is responsible for the conformational change of the protein (Fig. 2b) in cells under oxidative stress conditions. This causes the initial detachment of DLG motif from the Keap1-Nrf2 complex, leaving the ETGE motif still in association with the protein, according to the hinge and latch model (Tong et al. 2007 ). Therefore, Keap1-bound Nrf2 is released and translocated inside the nucleus of the cell. Post-translocation, Nrf2 associates with other transcription factors and binds to the ARE region of phase II enzymes expressing genes. The Nrf2 transcriptional activity proceeds with the aid of other co-transcription factors in complex with the former. The stress conditions lead to the suspension of Keap1-Nrf2 interactions and causes transcription of cytoprotective genes like NQO1, GSTs and GCL, which in turn, scavenges the cellular oxidative stress (Kansanen et al. 2013) (Fig. 1) . According to another model, Cul3 gets dissociated from the Keap1-Cul3 complex in the presence of ROS. Hence, ubiquitination of Nrf2 is halted, which leads Nrf2 to escape from the proteasomal degradation and results in its subsequent nuclear translocation (Niture and Jaiswal 2010) .
The ETGE and DLG motifs of the Neh2 domain binds to the two Keap1-DC domains of the Keap1 homodimer, in a hinge and latch fashion (Padmanabhan et al. 2006; Tong et al. 2007 ) (Fig. 4) . The ETGE motif has stronger binding affinity than the DLG motif with Keap1-DC. The connecting loops that protrude from the central core of the β-propeller form a binding cavity with abundant ionic residues in the cavity surface exposed to the solvent region and hydrophobic residues towards the internal cavity surface (Fig. 5) . The Keap1-DC sequence contains highly conserved glycine, tyrosine and tryptophan residues. These conserved residues are vital for repressor activity of the kelch domain. Mutation of these residues leads to abrogation of the repression activity (Singh et al. 2006 ).
Regulation of the Nrf2 degradation pathway
The Keap1-Nrf2 complex triggers the degradation of Nrf2 factor via CUL3-dependent E3-ubiquitin ligase-mediated ubiquitination and its successive degradation through proteasome ( Fig. 1) (Kobayashi et al. 2004) . Cullin family proteins are hydrophobic in nature and have a high substrate specificity towards a multimeric complex of E3 ligases. Cullin proteins play an essential role by providing solid scaffolds to these E3 ligases, which polyubiquinates the substrate with the help of E2 ligases (Saha and Deshaies 2008) . The removal of the Rbx1 RING domain from the C-terminal of Cullin is a primary reason for Nedd8-mediated enhancement in CRL (Cullin RING ubiquitin ligases) E3 activity, which results in the polyubiquitination of Nrf2 (Saifee and Zheng 2008) . The Neh2 domain of Nrf2 is important for Keap1-dependent degradation of Nrf2 in cells under basal homeostatic conditions. Especially, the Neh2 domain, containing lysine residues at 44, 50, 52, 53, 56, 64 and 68, are ubiquitinated by CUL3-dependent E3-ubiquitin ligase (Sekhar et al. 2002) .
Role of the Nrf2-Keap1 pathway in cancer
Nrf2 activation upregulates the various set of enzymes for the detoxification of chemical carcinogens and confers protection against carcinogenicity, mutagenicity and other types of toxicity (Yu and Kensler 2005) . Several studies have shown that Nrf2 protects against oxidative stress, chemotherapeutic agents and radiotherapy (Lau et al. 2008; Kensler and Wakabayashi 2010; Takahashi et al. 2015) . However, Nrf2 disruption has enabled the cells towards carcinogens, which lead to the progression of inflammation and, finally, cancer formation (Slocum and Kensler 2011; Takahashi et al. 2015) . This dual action of Nrf2 has been termed as a 'double-edged sword' with respect to the benefits or risks of the Keap1-Nrf2 pathway in cells (Lau et al. 2008) . The Nrf2 transcription factor is associated with the phase II enzymes gene regulation, as it maintains the appropriate level of these enzymes inside the cell. The excessive Nrf2 expression leads to the survival of both normal as well as cancerous cells. Hence, the Nrf2 downstream gene expression balance is required to obtain the clinical benefits and with less side effects. In this context, the development of Nrf2 inhibitors is challenging for cancer treatment. Discovery of the dual role of Nrf2 enabled scientists to understand the Nrf2 signalling in cancer and development of pharmacological compounds targeting Nrf2 for the prevention of cancer and treatment (reviewed in Jaramillo and Zhang 2013) . The maintenance of proper homeostatic conditions by the development of Nrf2 inhibitors/activators is a vital therapeutic strategy.
Several studies have shown, by using Nrf2 knockout mice, that Nrf2 protects against chemical carcinogens induced tumour formation in the stomach and skin (Ramos-Gomez et al. 2001) , intestines (Osburn et al. 2007 ) and bladder (Fahey et al. 2002) . Nrf2 has the ability to reduce the ROS and DNA damage in chemical-induced carcinogen cells (Morito et al. 2003) . Other studies showed the protective role of Nrf2 in mice, harbouring a single nucleotide polymorphism (SNP) in the promoter region of the mouse Nrf2 gene. Reduced expression of Nrf2 has been observed in mice with SNPs. An antineoplastic compound, brusatol, is an Nrf2 inhibitor that increases the chemotherapeutic efficacy of cisplatin, a common chemotherapeutic (Ren et al. 2011 ). PI3K inhibitors (Mitsuishi et al. 2012 ) and Nrf2 siRNA inhibit Nrf2 in cancer cells. Cancer suicide gene therapy, which is an alternative approach, has been utilised to target the cancer cells with high Nrf2 levels. Cancer cells with high ARE activity have been transferred with Nrf2-driven lentiviral vectors containing thymidine kinase (TK) and treated with a pro drug, ganciclovir (GCV). This enabled the killing of TK-containing tumour cells as well as neighbouring cells by the bystander effect (Leinonen et al. 2012) .
It has been observed by identifying several genes in the pentose phosphate pathway including glucose-6-phosphate dehydrogenase (G6PD), phosphogluconate dehydrogenase (PGD), transketolase (TKT) and transaldolase 1 (TALDO1), which are responsible for the regeneration of nicotinamide adenine dinucleotide phosphate (NADPH). Also, other metabolic genes, including malic enzyme 1 (ME1), pyrophosphate phosphoribosyl amidotransferase (PPAT), methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) and isocitrate dehydrogenase 1 (IDH1), were also identified as transcription targets of Nrf2. These proteins are responsible for purines synthesis, which are the building blocks of DNA and RNA, which in turn, leads to the proliferation of cancer cells (Mitsuishi et al. 2012) . Several studies have shown that elevated levels of Nrf2 in cancer cells are less sensitive to chemotherapeutic treatments and renders more resistant to cancer cells against a variety of anti-cancer agents (Shibata et al. 2008a, b; Wang et al. 2008) . Several mechanisms are shown in behaviour following elevated levels of Nrf2 in cancer cells, which includes: (a) somatic mutation: gain-of-function mutations in Nrf2 and lossof-function mutations in Keap1 and CUL3 have been identified in several human cancers. Mutations in the Keap1 gene have been identified in human lung adenocarcinoma cell lines, which involve a glycine to cysteine substitution in the kelch domain of Keap1. It exhibited reduced affinity of Keap1 to the Nrf2 and, thereby, activation of Nrf2 in the cancerous cells (Padmanabhan et al. 2006) . Mutations also occur more frequently in Nrf2 than in Keap1. Mutations in the ETGE and DLG motifs impair two-site substrate recognition of Keap1, which leads to the stabilisation of Nrf2 and, subsequently, activation of target genes of Nrf2 (Shibata et al. 2011; Kim et al. 2010a, b) . Somatic mutations in CUL3 were identified in hereditary type 2 papillary renal cell carcinoma (Ooi et al. 2013) . (b) Epigenetic silencing of Keap1 by hypermethylation: epigenetic modification of Keap1 promotes the activation of Nrf2. Methylation in the promoter region of Keap1 affects its expression and hinders the ability to bind to the Nrf2. Therefore, this leads to the expression of Nrf2 (Wang et al. 2008; Muscarella et al. 2011) . Conversely, DNA methylation by DNA methyltransferases (DNMTs) appears to downregulate the Nrf2 expression indirectly (Khor et al. 2014; Yu et al. 2010; Rajabi et al. 2016; Tagde et al. 2016b) . (c) Accumulation of p21 and p62 disrupts the Nrf2-Keap1 complex: it has been demonstrated that p53 negatively regulates Nrf2 and specifically suppresses the transcription of target genes of Nrf2 (Faraonio et al. 2006 ). p21 (a direct downstream target of p53) associates with the DLG motif of Nrf2, which leads to the disruption of Keap1 binding with Nrf2. As a result, Nrf2 is stabilised in response to p21 upregulation. Another protein, p62 (sequestosome 1 protein), which modulates the activity of Nrf2, is a scaffold protein that binds to the polyubiquitinated proteins and targets aggregated proteins and damaged organelles for degradation. p62 directly interacts with the kelch domain of Keap1 via its STGE motif that is similar to the Nrf2 ETGE motif, thereby disrupting the Keap1-Nrf2 complex (Komatsu et al. 2010; Lau et al. 2010) . It causes a decrease in the ubiquitination of Nrf2, an increase in Nrf2 stability and, ultimately, leads to the enhanced expression of ARE-bearing genes. (d) Transcriptional upregulation of Nrf2 by oncogenes: oncogenes like KRAS, BRAF and C-MYC increased the mRNA level of Nrf2 and target genes of Nrf2 (DeNicola et al. 2011 ). The C-MYC oncogene is involved in both increased and decreased expression of phase II antioxidant genes, depending on the pleiotropic effect (Levy and Forman 2010) . The oncogenic transmembrane protein MUC1-C transcribes the C-MYC mRNA and proteins, which in turn, upregulates the C-MYC gene expression. Upregulation of C-MYC genes leads to decrease of the Nrf2 stability (Tagde et al. 2016a; Bouillez et al. 2016) . (e) Metabolic activation of Nrf2 by Kreb cycle intermediates: in Kreb's cycle, fumarate modifies cysteine residues within Keap1, which disrupt the ability to ubiquitinate Nrf2. This leads to the prolonged activation of Nrf2 (Adam et al. 2011 ).
Role of Nrf2-Keap1 in neurodegenerative disorders
The protective effect of Nrf2 against neurodegeneration due to oxidative stress has been well studied. The Nrf2 transcription factor induces the expression of a variety of cytopreventive and detoxification enzymes, which will confer protection in neurodegenerative disorders. The target genes of Nrf2 have been involved in the regulation of glutathione (GSH), antioxidant proteins/enzymes, drug-metabolising enzymes or drug transporters, proteasome subunits, pentose phosphate pathway enzymes and enzymes involved in nucleotide synthesis (Yamazaki et al. 2015; Tagde et al. 2014; Hasegawa et al. 2016) . The central nervous system is sensitive to oxidative stress, which confers pathological features, including the accumulation of aberrant protein aggregates, microglial activation and mitochondrial dysfunction. These pathological processes will generate ROS, which in turn, cause oxidative stress and damage to lipids, proteins and DNA. These pathophysiological events encompass a wide variety of neurodegenerative diseases, including Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease, and ischaemia and stroke.
Alzheimer's disease
Alzheimer's disease (AD) is a progressive neurodegenerative disease characterised by loss of neuronal integrity, memory impairment and cognitive decline. AD is characterised by the extracellular deposition of amyloid-β (Aβ) in diffuse and neuritic senile plaques and the intra-nuclear accumulation of paired helical filaments (PHFs; consisting of the hyperphosphorylated microtubule-associated tau protein) in neurofibrillary tangles (NFTs), dystrophic neurites and neuropil threads (Cummings 2004) . Studies have shown that the expression of target genes of Nrf2 were increased in AD patients. It has been demonstrated that the expression levels of HO-1, GCLM and p62 are increased in the temporal cortices of AD patients compared with that of controls (Marcus et al. 1998 ). In the normal hippocampus, Nrf2 is expressed in neurons and predominantly localised in the nucleus. In the AD brain, Nrf2 predominantly localises in the cytoplasm of hippocampal neurons and not a component of Aβ plaques or NFTs. Immunoblotting studies suggested that the Nrf2 levels were reduced in AD cases (Ramsey et al. 2007) . Another study has shown that the expression of astroglial HO-1 is elevated in the temporal and hippocampus in mild cognitive impairment in AD as compared with controls (Schipper et al. 2006) . Nrf2 expression was increased due to pharmacological or lentivirus, which enables Nrf2 to increase the expression of antioxidant genes. This ameliorates the ROS accumulation of Aβ peptides (Eftekharzadeh et al. 2010) . Nrf2 has been stabilised by the building up of dysfunctional DJ-1, which prevents the association of Keap1 with Nrf2 and leads to the proteasomal degradation (Clements et al. 2006) . Collectively, the activation of Nrf2 could be a therapeutic target for AD, which will ameliorate this disease.
Parkinson's disease
Parkinson's disease (PD) is characterised by loss of dopaminergic neurons in a brain region known as the substantia nigra (SN) and the presence of α-synuclein-containing inclusion bodies (Lewy bodies) in the cytoplasm of neurons in various regions of the brain, including the SN, olfactory bulb and neocortex (Mosley et al. 2006 ). Activation of NOQ1 and HO-1 by the nuclear localisation of Nrf2 was induced in the SN of PD patients (Ramsey et al. 2007 ). The investigators have also proposed that Nrf2 might regulate different gene products in various neuronal subpopulations (i.e. hippocampal neurons vs. nigral neurons for AD and PD brains, respectively). Activation of the Nrf2-ARE system in PD has been demonstrated by the upregulation of nigra immunoreactivity for regulated proteins, including NOQ1 and HO-1 (Riedl et al. 1999) . Other studies found the localisation of Nrf2 in the SN of PD brain in addition to cytoplasm, observed in neurons (Ramsey et al. 2007 ). Collectively, the data suggest that the Nrf2-ARE signal has been activated in PD, which will counteract Nrf2-activated gene transcription.
The oncogene DJ-1 is an oxidative stress sensor gene as well as transcription regulator. Under oxidative stress conditions, the expression of DJ-1 increases and helps in reducing oxidative stress via stress-induced cell death. Excessive oxidation of DJ-1 leads to loss of function, which results in the oxidative stress in PD (Ariga et al. 2013) . Increased oxidative stress was observed due to the reduced expression of Nrf2-dependent genes in patients with deficient DJ-1 genes. This shows that levels of dysfunctional Nrf2 are related to the pathogenesis of the onset of familial PD . DJ-1 is required for optimal induction of NOQ1, and the loss of DJ-1 is accompanied by reduced expression in NOQ1. DJ-1 prevents Keap1 from interacting with Nrf2, thereby preventing the ubiquitination of Nrf2. In the absence of DJ-1, Nrf2 is unstable and transcriptional response will be blunt in basal conditions as well as induced conditions (Clements et al. 2006) . The protective role of Nrf2 in PD has also been studied using in vivo and in vitro models. The dopamine analogue 6-hydroxyldopamine (6-HAD), which is highly neurotoxic, is found to activate the Nrf2-ARE system, which in turn, activates the cellular defence mechanism to protect against oxidative stress ).
Huntington's disease
Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder characterised by a cognitive decline in chorea form movements and behavioural difficulties. HD is caused by a CAG trinucleotide expansion (≥35 repeats) in exon 1 of the huntingtin (htt) gene (Walker 2007) . Polyglutamine expansion leads to a conformational change in the huntingtin protein, causing the formation of large aggregations in the nucleus and cytoplasm. These htt and mutant htt (mhtt) genes are expressed ubiquitously in human tissues, spiny neurons of the putamen and caudate nucleus in HD (Arrasate et al. 2004; Albin et al. 1992) . The recent evidence suggested that the involvement of ROS in HD pathogenesis is by dysfunctioning of the mitochondrial complex II (Calkins et al. 2005 ). In the primary phase of HD, the focus is on the activation of the astrocyte and microglia by an overexpression of the vital cytoprotective genes via the Keap1-Nrf2-ARE system by Nrf2 agonist; this might protect the brain injury caused by the ROS (Magesh et al. 2012) . Activation of the Keap1-Nrf2-ARE pathway by small molecules in astrocytes accelerates the resistance of neurons to the non-excitotoxic glutamate toxicity (Kraft et al. 2004) . Protection against the ROS in co-culture neuron culture is conferred by the precise astrocyte stimulation of Nrf2 (Shih et al. 2003) . In the animal model of HD, astrocyte-specific activation of Nrf2 reduces the disease pathogenesis (Calkins et al. 2005) . Thus, the activation and overexpression Nrf2 is an encouraging therapeutic target in the treatment of HD.
Ischaemia and stroke
Recent studies have also reported the role of Nrf2 in ischaemic and haemorrhagic stroke . As the cerebrum has high lipid content and high oxygen consumption, it is susceptible to oxidative damage (Adibhatla and Hatcher 2010) . The high ROS level during reperfusion leads to the pathophysiology of cerebral ischaemia-reperfusion (IR) injury and haemorrhage (Kontos 1989; Flamm et al. 1978; Aronowski and Zhao 2011) . Mitochondrial dysfunction and endoplasmic reticulum stress within brains are the main factors causing IR injury. It has been reported that GST and NQO1 are decreased significantly in Nrf2-deficient mice (Ramos-Gomez et al. 2001) .
The literature studies suggest that Nrf2 activation may protect neurons, astrocytes, oligodendrocytes and microglia against oxidative stress and, hence, the Keap1-Nrf2 pathway is one of the therapeutic approaches to the neurovascular system. The activation of Nrf2 is shown to inhibit the effect of the mitochondrial uncoupler carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) on cytoplasmic Ca 2+ ions, which in turn, enhances the mitochondrial function, inhibited the production of ROS and increased the levels of antioxidant enzymes (Leirós et al. 2013) .
The ER stress may trigger the Nrf2-dependent transcriptional regulation of phase II detoxifying enzymes by means of forming misfolded and/or unfolded proteins in the ER lumen due to ROS (Xu et al. 2010) . As mentioned before, under oxidative stress, p62 dissociates Nrf2 from Keap1 by direct competition, which subsequently activates Nrf2 and mediates the autophagic degradation of Keap1 (Faraonio et al. 2006) . The cross-talk between p62 and the Keap1-Nrf2 pathway in the regulation of autophagy may play an important role in the removal of ROS, prevention of oxidative damage and alleviation of ER stress during cerebral IR injury .
Ischaemic stroke occurs due to a decrease in blood supply to part of the brain, which causes brain tissue damage in the corresponding area. Recent studies showed that the Nrf2 expression level is significantly increased in the ischaemic penumbra, whereas the Nrf2 level is not detected in the core ischemic zone. These findings indicate that Nrf2 activation may be important and may contribute to cell protection and survival against ischaemia (Dang et al. 2012) .
Haemorrhagic stroke occurs due to the bleeding of blood vessels in the brain, either directly into the brain parenchyma or into the subarachnoid space surrounding the brain tissue. The former is known as intracerebral haemorrhage (ICH) and the latter condition is known as subarachnoid haemorrhage (SAH) (Feigin et al. 2005) . Reports using ICH models have shown that Nrf2 subjected to both pre-treatment and post-treatment are significantly effective in expressing Nrf2-dependent cytoprotective proteins, which subsequently cause a reduction in oxidative burden to brain tissue and, thus, increase the recovery of neurological function (Zhao et al. 2007 ). It has been reported that, using SAH rat models, the Nrf2-ARE pathway is activated in the cortex during an early stage of SAH. It suggests that Nrf2 signalling may involve in the pathogenesis of early brain injury (EBI) induced by SAH .
Key structural features of Keap1 for drug design
Keap1 is a β-propeller structure that consists only of β-sheets and loops. These β-sheets are diverse in composition and are connected with each other through loops. The loops are rather stable according to computational simulations of crystallographic structures and constitute an important part of the functionality of the protein (Fig. 5) . The loops enclose into a central cavity, which forms the binding cavity of the protein. The conserved tyrosines and tryptophans form pi-pi stacking interactions in the hydrophobic site of the binding cavity. The important tyrosines Tyr334, Tyr572, and Tyr525 form hydrophobic interactions with ligands and help in maintaining a stable sequestration (Fig. 5a ). The arginine residues are responsible for the electrostatic interactions and the serine residues are mainly involved in both inter-/intramolecular hydrogen bond interactions. Mutagenesis studies revealed that the glycine residues at the positions 364 and 430 are important for the Keap1-Nrf2 association. The serine-mutated proteins were found to stabilise in a delayed manner or possess minor fluctuations throughout compared to glycine-mutated ones. But, eventually, the hydrogen bonding with the residues at these positions was not affected, even after mutation. This was reasoned based upon the involvement of the backbone carbonyl atoms to link to their partners. This involvement was sustained even after mutation (Cheng et al. 2015) .
Chemical library synthesis studies revealed that the polar compounds like triazole substitution at the side groups are an important potency enhancing feature in the designed inhibitors. The increase in the potency is because of the increase in the electrostatic interactions between the protein-ligand complexes (Zhuang et al. 2014) . But the double-ring structure in the inhibitors needs to be maintained throughout and carefully installed with R groups for favourable interactions with the residues surrounding the tyrosine residues because the latter engage the double-ring structure. Also, halogen substitution has not been proven to be a successful idea while designing inhibitors.
The modification of any of the 27 highly reactive cysteines (Fig. 2b) on all three domains of Keap1 may provide an alternative solution to the inhibition of Keap1. The cysteine residues (C151, C273 and C288) on the BTB-IVR domain decrease the binding of CUL3 to the former and, thus, the Nrf2 degradation pathway is affected (Cleasby et al. 2014) . However, Nrf2 is not released substantially for nuclear import. In such cases, overexpression of Nrf2 helps in the induction of the ARE pathway. The triterpenoid CDDO adducts covalently bonded with C151 of the BTB domain and ensures that there is no interaction of the CUL3 with the Keap1 (Cleasby et al. 2014) (Fig. 6) . The intervening region (IVR) of Keap1 consists of the cysteine residues C273 and C288 that attract electrophilic binding and, hence, cause distortion of the structural fold that leads to improper positioning of the protein domains and, hence, disrupt the binding of the degradation complex required for its regular functioning (Cleasby et al. 2014 ). 
Keap1 inhibition for therapy
The role of Keap1 in both cancer and NDD is equally important considering its contradictory function in the pathology of both diseases. The function is performed with the assistance of other associated transcription factors and adaptors like p65, p62, Cul3 E3 ligase and so on. The various therapeutic mechanisms for the achievement of the expression of cytoprotective genes involves:
1. Gene activation of Nrf2 2. Provision of a ketogenic diet and/or administration of phyto-antioxidants like genistein or antioxidant enzymes like peroxiredoxin to the cells 3. Deactivation of Keap1: covalent or non-covalent inhibitors (direct inhibition) 4. Stimulation for the p62 directed autophagy of Keap1, which leads to lowering Keap1 populations and, hence, increased Nrf2 concentration relatively in the cytoplasm 5. Physical methods like acupuncture have also been found to activate Nrf2-dependent ARE expression
The increase in Nrf2 concentration in the nucleus ensuring that free Nrf2 nuclear translocation has taken place confirms the activation of the Nrf2-ARE pathway biochemically. Also, other probing techniques involve the evaluation of fold change in antioxidant expression. The antioxidants analysed are HO-1, NQO-1, GST, SOD and GGT.
The maintenance of redox balance is mandatory for the regulation of cell homeostasis. Similarly to Nrf2, Keap1 is involved in some other cellular pathways as well. IK-κβ is a substrate analogue of Keap1 that is involved in the activation of the NF-κB signalling pathway, causing deleterious effects in the cell (Kim et al. 2010a, b) . Interaction studies reveal that the ETGE motif of Nrf2 is also present in IK-κβ, which produces a similar contact fingerprint between the two molecules (Jiang et al. 2013 ). This contradictory regulation of antioxidant-mediated cytoprotection and tumour progression by the same molecule, Keap1, exerts a functional burden on the protein. Hence, designing inhibitor compounds considering interaction patterns that do not disturb the regulation of the NF-κB signalling pathway can be a better strategy for use in overcoming any undesirable side effects.
The function of Nrf2 in neuronal cells especially in in vivo studies has been proven in ROS scavenging and depletion of oxidative stress effects. Various pharmacological agents like curcumin (Yang et al. 2009 ), resveratrol (Ren et al. 2011) , MMF (Cho et al. 2015) , DMF (Albrecht et al. 2012 ) and other FAEs (Linker et al. 2011) have been found to exert Nrf2-dependent reduction of oxidative stress. The other agents that can be used for the treatment of neurodegenerative disorders through Nrf2-dependent strategies are sulphoraphane, VEDA-1209 and synthetic triterpenoids. However, these molecules are filtered out in either clinical trials or toxicological reviews in humans. FAEs can be used for neuroprotection related to retinal injuries (Cho et al. 2015) . Nrf2 could be activated indirectly through the inhibition of GSH synthesis as in cancer cells, by the addition of buthionine sulphoximine (BSO) (Furfaro et al. 2012; Tagde et al. 2014) . Based on the building blocks of constituents, the inhibitory agents have been classified into peptide and chemical inhibitors of Keap1.
Peptide inhibitors
Extensive studies have been carried out to distinguish the structural implications of Keap1-peptide interactions. Based on the information, highly potent peptides targeted to inhibiting Keap1-Nrf2 interactions (KNI) were designed. As already known, the interaction pattern of Nrf2 with Keap1 has been elucidated through mutagenesis to distinguish an important fragmentation of binding in the nanomolar binding of Nrf2 peptide (5nM).
The ETGE motif forms a β-turn and binds to the bottom region of the kelch domain of Keap1. It establishes significant electrostatic interactions with the important residues like Ser508, Arg415 and Ser602 with its own glutamate residues (Gln26, Asp27), along with van der Waals interactions (Fig. 5b, c) . Previous studies have indicated the possibilities of other proteins like prothymosin-α and sequestosome to compete with Nrf2 binding and act as KNI disruptors (Padmanabhan et al. 2008) . Sequestosome-1, also called p62, has a Keap1 interacting region that helps in the binding of Nrf2. Nrf2, unlike sequestosome, has two binding sites to Keap1. These double binding sites help in the formation of its degradation complex with CUL-E3 ligase adaptors. One of the initial efforts to study KNI was done using prothymosin-α, a nuclear oncoprotein found in proliferating mammalian cells and helps in the prevention of apoptosis.
Mutant Marburg viral proteins determined the importance of a homologous motif present in the solvent-exposed K-loop of the protein domain. The residues Gly211 and Glu212 in the motif are very important for the Keap1 interaction. The Arg415 residue of Keap1 is as important for the binding of the viral protein MVP24 as much as it is important for the binding of Nrf2 (Edwards et al. 2014) .
The in vivo studies showed that the proteins like sestrins that could provoke the Nrf2-ARE pathway through the autophagic degradation of Keap1 mediated by p53, thereby protecting the liver from oxidative damage. Sestrin (Sesn2) induction invokes p62, a competitive antagonist of Keap1, which mimics the binding of the ETGE motif of Nrf2 to the kelch domain, but only under overexpressed conditions of Sesn2. Under normal conditions, p62 does not replace Nrf2 binding antagonistically because of the weak binding it projects on Keap1 as compared to the ETGE motif (Bae et al. 2013 ).
Many peptides have been designed through mutagenesis experiments to detect the important residues involved in binding to the Keap1 protein. Basic structural compositions in the design of peptide inhibitors are summarised as follows (Hancock et al. 2013 ):
1. Mutagenesis studies determine the presence of similar seven-residue stretches in both ETGE and DLG motifs for the mandatory binding of the PPi, with aspartate and phenylalanine at the two ends. 2. The first aspartate acid is irreplaceable, as it helps in the stabilisation of the secondary structure of the peptide. The hairpin conformation of the peptide is important for the proper orientation of the binding residues into the central cylindrical cavity of Keap1. 3. The presence of glutamate residues in the third and sixth positions of the peptide is important for tethering to the arginine residues through salt bridge interactions. 4. Glutamate residue on the second position may be replaced with a simpler amino acid that may ensure a more intense bonding of the peptide inhibitor. 5. Competitive inhibition of the DLG motif has been proposed to be threshold strategy to disrupt the KNI. 6. Replacement of the N-termini of the peptides with lipidconjugated amino acids either retained or increased the activity of the peptide. It was hypothesised that the fatty acids formed micelles that provided a larger effective molecular volume that helps in bonding with the aromatics inside the protein cavity. 7. The presence of acetyl substitution does not give any binding results with the Kelch domain of the protein.
Chemical inhibitors of Keap1
Research has been carried out in extreme zeal towards the discovery of various chemical moieties that mimic the binding of Nrf2 to Keap1 and serve as a therapeutic drug inhibitor. As discussed earlier, the binding of the lead molecules to the Nrf2 binding site or the oxidation of reactive cysteines in the BTB binding pocket of Keap1 is mandatory to disrupt the proteinprotein interactions.
Researchers have recently identified various natural KNI disruptors like baicalein, caffeic acid, falcarindiol, sulphoraphane, resveratrol, curcumin and lipoic acid (Table 1) . Synthetic compounds and their derivatives have been studied for the protein-peptide disruption activity, many of which crystal structures have been reported. Crystal structure information of protein-ligand complexes provides a realtime insight into the behavioural fingerprint of the KNI disruptors in general. Pharmacophore mapping and quantitative structure-activity relationship (QSAR)-based screening of existing databases could provide potential leads for molecular docking studies. Based on the success in proposed 
Monocyclic, bicyclic and tricyclic ethynylcyanodienones Undetermined Li et al. (2015) PF-4708671 (S6K1-specific inhibitor) p62-induced autophagic degradation of Keap1 Park et al. (2015) interaction patterns, a real-time study of the complex behaviour could conceptually prepare the lead for biochemical experimentation. The Keap1-targeted inhibition mechanism has been mainly carried out by inhibitors that could interrupt the cross-talk between the former and Nrf2 (Magesh et al. 2012) . One of the methodologies of reduction in the Keap1 population, hampering the redox balance, involves the dimerisation of Keap1 to prevent Nrf2 binding. Sulphoraphane and CDDO-imidazole compounds were able to decrease the levels of Keap1 by its homodimerisation (Fig. 5) . However, poor selectivity and increased toxicity problems set back the former compounds. Other CDDO analogues that have been tested for conditions other than neurodegeneration involve CDDO-Me for diabetics with chronic kidney disease. Tecfidera, a dimethyl fumarate drug, was recently approved by the U.S. Food and Drug Administration (FDA) for the treatment of multiple sclerosis (Venci and Gandhi 2013) . SK-II, a sphingosine kinase inhibitor, also carried out the same process but with a relatively stronger covalent bonding between the homodimers (Mercado et al. 2014) . The mechanism through which dimerisation takes place has been hypothesised at the release of endogenous electrophilic compounds resulting in the reduction of the cysteine residues on Keap1 that act as cellular stress sensors. The induction of the arachidonic acid pathway by the inhibitor has been hypothesised in the release of electrophilic fatty acids (EFA), inactivating Keap1.
Polyphenols like curcumin, resveratrol and caffeic acid have been shown to induce Nrf2-dependent antioxidant expression in the body. Curcumin, a yellow compound bioactive in turmeric, and its derivatives were found to possess antioxidative and anti-inflammatory properties that could cure cerebral oedema and is mainly helpful in cases of kidney pathologies through activation of the Nrf2-ARE pathway (Yang et al. 2009; Son et al. 2008) . Caffeic acid, a phenolic acid, consists of both nucleophilic and an electrophilic moiety in its structure. The electrophilic moiety (Michael acceptor) is the supporting structural advantage that enforces the disruption of KNI (Sirota et al. 2015; Lee et al. 2010) . Caffeic acid has also been found to bind potentially with Keap1 at the Nrf2 binding site (Pang et al. 2016) . A recent study on structural activity and structure-property relationships of a proposed inhibitor recognised the presence of a symmetric structure with an aromatic ring in the centre that could tether to the hydrophobic binding segment inside the central core of the protein. The symmetric modification of benzene rings at the ends of the structure could increase the potency of the drug (Jiang et al. 2015) .
Another natural Nrf2 activator is a carnosic acid which promotes the expression of the antioxidant cocktail in neuronal cells by the disruption of KNI through the induction of electrophilic compounds that is sensed by the reactive cysteines on Keap1. Oxidation of any of the cysteines lying in the BTB-IVR domain region alters the conformation of the protein layout, pulling apart the dimer structure. Molecular in vitro studies have proven that carnosic acid binds with the BTB domain of Keap1, with weak binding to the IVR region as well. Synthetically available compound CDDO/bardoxolone is an important inhibitor of the BTB domain with which the first crystal of the complex was reported (Cleasby et al. 2014) (Fig. 6) . Pterisolic acid B, a naturally occurring diterpenoid, was recently discovered and that could inactivate Keap1 by modifying the Cys171 residue of the BTB domain (Dong et al. 2016) ; the Nrf2 degradation pathway is, thus, affected by this activator and its anhydrous analogue.
A search in the US Clinical Trials website (https://clinicaltrials. gov/) related to Nrf2 and Keap1 showed a few molecules, including sulphoraphane (SFN) (in broccoli sprouts), resveratrol, CXA-10, RTA-408, dimethyl fumarate (DMF) and monomethyl fumarate (MMF). Though the drug molecule bardoxolone methyl was shown to be a promising candidate, the drug was recently withdrawn from phase III clinical trials in end-stage renal disease patients with type II diabetes due to serious adverse effects and mortality among the patients receiving the active drug (Tayek and Kalantar-Zadeh 2013; Zhang 2013; de Zeeuw et al. 2013) . The side effects of other synthetic compounds selected for clinical trials are still unknown.
Conclusion
The maintenance of cell redox balance is critical for appropriate functioning. The development of novel peptide and chemical inhibitors of the Keap1-Nrf2 complex would be an effective therapeutic strategy for NDD and cancers. Past research works indicate that interaction-based designing of inhibitors can induce specificity and selectivity of the inhibitor compounds on the binding region on Keap1. Concentration on the physical aspect of the protein-protein interaction may assist in designing a better equipped competitive inhibitor for Keap1. Also, the research focus needs to be shifted to find potential drug binding sites in other domains as well which can trigger Nrf2 activation through the oxidation of reactive cysteines.
